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Abstract 
In recent years, suspended sediment (SS) introduced by dredging and 
mud disposal activities has caused mass mortality in fish culture farms in Hong Kong. 
This project is to study the toxic effects of SS on the orange-spotted grouper 
Epinepheliis coioides, a species widely cultured by fish farmers in Hong Kong. 
Seabed sediment was collected from Port Shelter (PS), Mirs Bay (MB) and Victoria 
Harbour (VH) in Hong Kong. Sediment from V H was heavily polluted by heavy 
metals, PCBs and PAHs. Sediment collection sites from PS and M B are situated 
near fish culture farms and are less polluted than the collection site in VH. 
Experiments were carried out using low (6.9 土 3.0 mg/L), medium (14.5 
土 4.6 mg/L) and high (46.0 土 12.4 mg/L) concentrations of SS. In 10-day exposure 
experiments, fish were exposed to SS from three sites at low, medium and high SS 
concentrations. In 30-day exposure experiments, SS from three sites were tested at 
high concentration. In 20-day exposure and recovery experiments, fish were 
exposed to SS from three sites at medium and high concentrations for 10 days, and to 
clean seawater without SS for 10 more days. Aspartate aminotransferase (AST) and 
alanine aminotransferase (ALT) activities in liver, creatine kinase activities in muscle 
and gill and ethoxyresorufm 0-deethylase (EROD) activity in gill and liver were used 
as bioindicators to monitor the toxic effects of SS. Comet assay was also conducted 
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to evaluate D N A damage in fish hepatocytes. 
All fish exposed to SS for 10 days exhibited higher AST activity in liver, 
higher E R O D activity in gill and longer tail length in hepatocytes than control fishes. 
No elevation in gill and muscle C K activities was detected, but the results still 
suggested that fish health was affected by exposure to SS at concentrations <50 mg/L 
for 10 days. In 30-day exposure experiments, lower ALT levels were found in fish 
exposed to SS from V H than in fish exposed to SS from PS and MB. Also, elevated 
C K activity was found in muscle of fish exposed to SS from PS. These results 
suggested the possibility of enzymatic suppressions at high toxicants concentrations. 
For the 20-day exposure and recovery experiments, fish exposed to medium 
concentration of SS from V H showed higher E R O D activities in both gill and liver, as 
well as longer tail length of hepatocytes compared with control fish on days 5 and 10. 
High concentration of SS from PS also induced higher E R O D activity in gill of fish 
on days 5 and 10. After the 10-day recovery period, all bioindicators showed no 
significant differences between control and treatment fish. These results suggested 
that induced biochemical responses were reversible after depuration period. E R O D 
in gill was the most sensitive bioindicator for SS contaminated with PAHs and PCBs. 
Comet assay with tail length measurement was the most sensitive bioindicator for 





























PAHs及PCBs所污染的SS最爲敏感。而comet assay中運用tail length來評估 
D N A damage則能最靈敏地評定魚的肝臟健康。 
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1.1 Sediment pollution in Hong Kong 
In Hong Kong, suspended sediment (SS) pollution is often caused by 
dredging, reclamation and mud disposal activities which are essential for urban 
development. In recent years, SS pollution is believed to be the major reason for 
several large fish kills in the mariculture zones. For instance, mariculturists claimed 
mud disposal activities at Yam O and reclamation at Penny's Bay for the Disney 
project had caused fish kills in M a Wan and Cheung Sha Wan fish culture zones in 
June 2000 (Sing Tao Daily and Ming Pao Daily on 5 November 2000) and October 
2004 (Sing Tao Daily and Wen Wei Po on 18 March 2005). Since most of the 
scientific data on the impact of SS are about freshwater fish but not marine fish, 
claims for compensation by mariculturists cannot be settled for years. This study 
aims to provide empirical evidence on the effect of SS on the orange-spotted grouper 
Epinephelus coioides, which is a common mariculture species in Hong Kong, and 
other countries in Southeast Asia and East Asia (De Silva 1998). Because 
sediment plumes are dispersed by ocean currents and suspended sediments tend to 
settle to the sea bottom rapidly, this research also investigates the reversibility of the 
SS-induced responses during recovery period. 
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1.2 Impact of suspended sediment on fish 
SS imposed beneficial effects on fishes, including reduced risk of 
predation in natural environment (Blaber and Blaber 1980) and facilitated feeding at 
low SS dose (Cyrus and Blaber 1987). However, most studies showed that SS 
imposed adverse effects on freshwater fishes. Adverse effects include increased 
mortality (Servizi and Martens 1991, Wilber and Clarke 2001), histological gill 
damage (Martens and Servizi 1993), altered hematocrit and leukocrit levels (Lake and 
Hinch 1999, Mcleay et al. 1987), blood sugar level (Servizi and Martens 1992)， 
plasma Cortisol level (Redding et al. 1987), feeding rate, growth rate (Mcleay et al. 
1987) and behavior (Servizi and Martens 1992，Chiasson 1993). SS affects fish 
indirectly by interferring with egg development and reducing food availability 
(Newcombe and Macdonald 1991) The effects of SS change with abiotic factors 
like temperature (Servizi and Martens 1991), ammonia level (Servizi and Gordon 
1990) and angularity of the sediment particles (Lake and Hinch 1999), as well as 
biotic factors include species and age (Newcombe and Macdonald 1991). 
Although the effects of SS on freshwater fishes have been studied 
intensively, data on marine fishes are insufficient. Chan et al. (2002) found that 
Epinepheliis coioides did not show any behavioral stress and could tolerate SS at 
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levels as high as 90 mg/L SS for 4 days. Nevertheless, Au et al. (2004) found that 
Epinephelus coioides exposed to SS at 50 mg/L SS showed gill damage after 6 weeks. 
In the same study, free triiodothyronine levels in serum was elevated at 200 mg/L SS 
and chloride cell density and Na+, K+-ATPase activities in the gill were also found to 
be altered at 2000 mg/L SS. Wong (2004) in our laboratory also gave evidence on 
inhibition of acetylcholinesterase and induction of gene expression of cytochrome 
P4501A and metallothionein in Epinephelus coioides after 10 days of exposure to 32 
mg/L SS. Since the methodology varies among different studies, Newcombe and 
Macdonald (1991) proposed that the product of sediment concentration and exposure 
duration could be used to evaluate the effects of SS. 
1.3 Biochemical responses to pollution 
Biochemical indicators provide early warning signals of potential adverse 
ecological effects (Williams et al. 1997). To be useful in environmental monitoring, 
a biomarker must reflect the levels of toxicants over time in a quantitative way. Jt 
should be induced rapidly, and show dose-dependence and recovery response. 
Besides, the analytical techniques or protocols must be inexpensive, easy to use, 
reproducible and rapid (Wu et al. 2005, Wells et al. 2001). Previous studies on the 
biochemical indicators used in this study are shown below. 
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1.3.1 Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) 
ALT and AST are widely used to study hepatic diseases because these 
enzymes are found in significant amount in the liver. ALT and AST are liver specific 
enzymes and are important links between carbohydrate and protein metabolism 
through the T C A cycle (James 2001). The transfer reactions catalyzed by AST and 
ALT are as follows: 
AST 
a-oxoglutarate + L-alanine L-glutamate + oxaloacetate 
ALT 
a-oxoglutarate + L-alanine L-glutarate + pyruvate 
Since AST and ALT are important enzymes in the deamination pathway, 
glucose or glycogen synthesis, energy production and lipid synthesis can also be 
affected (Gallagher et al. 2001). Elevated AST and ALT in serum levels reflect 
hepatocyte leakage and can be found in hepatitis, cirrhosis, and obstructive jaundice. 
Possible mechanisms of the effects of foreign chemicals involve changes in enzyme 
quantity, or direct effect of the chemical on the enzyme molecules affecting affinity 
for substrate (Heath 1995). 
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Hepatic AST and ALT levels in fish are altered by exposure to heavy 
metals. Hepatic A S T (Maclnnes et al. 1977) and ALT (Heath 1995) levels decrease 
with increases in cadmium concentration, while plasma AST activity is elevated by 
both zinc and mercury (Oluah 1999). Heath (1995) reported that low cadmium 
concentrations in tissues stimulate AST activity, while high concentrations result in 
inhibition. The two transaminases activities in liver tissue are affected by other 
kinds of toxicants, including growth hormones (Leena et al. 1999), plasticizer diethyl 
phthalate (Ghorpade et al. 2002) and herbicide trifluralin (Poleksic and Karan 1999). 
Caging studies using flounders and Altantic cods showed increases in 
AST levels with pollutants including PAHs, PCBs and heavy metals (Beyer et al. 
1996). However, transaminase may vary with species and time. Heath (1995) 
suggested that adaptation may take place after prolonged exposures and more time 
, course studies are needed. 
1.3.2 Creatine kinase (CK) 
C K is a key enzyme of eukaryotic energy metabolism. It catalyzes the 
regeneration of ATP from phosphorylcreatine and ADP, and plays an important role in 
energy homeostasis in cells including neurons, muscle fibers, transport epithelia and 
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spermatozoa (Ellington 2001). Hence, it is widely used in assessment of cardiac and 
skeletal muscle diseases, including myocardial infarction and muscular dystrophy. 
However, previous studies were mainly done in humans and rats. 
‘Metals such as cadmium and mercury inhibit C K activity in fish 
(Almeida et al. 2001, Araujo et al. 1996), but tetrachloromethane and tributyltin 
induce the release of C K in fish (Folmar et al. 1993，Grzyb et al. 2003). C K plays a 
role in the stabilization of ATP concentration in gill cells (Kultz and Somero 1995) 
and its activity decreases with increased salinity (Schaarschmidt et al. 1999). Since 
the gill is the major organ for respiration and osmoregulation (Au et al. 2004), the 
effect of SS on C K activity in fish gill should be studied. 
1.3.3 Ethoxyresorufin O-deethylase (EROD) 
Cytochromes P-450 comprises a superfamily of related hemoproteins that 
plays important roles in the metabolism of numerous endogenous and exogenous 
molecules (Collier et al. 1995, Klotz et al. 1984). It is also known as the mixed 
function oxygenase (MFO) system. The CYPIA subfamily has been widely studied. 
The enzymes involved in the system, including EROD, are often considered to be 
detoxification enzyme because they decrease lipid solubility of organic contaminants 
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and facilitate excretion (Jimenez and Stegeman 1990). The enzymes are also 
sensitive to many classes of organic pollutants in aquatic environments and the 
responses are rapid, distinguishable and relatively prolonged (William et al. 1997). 
Induction of E R O D activity in fish is widely used to monitor organic xenobiotics 
exposure.‘ 
Laboratory studies on E R O D activity in fish tissues were extensive. 
Hepatic E R O D activity is significantly induced by PCBs (Shaare et al. 1991, Ankley 
et al. 1986, Lindstrom-Seppa et al. 1994), PAHs (Au et al. 1999, Lemaire-Gony and 
Lemaire 1992, Celander et al 1993), dioxin (Van der Weiden et al. 1994 and 1992, 
Troxel et al. 1997) and bleached kraft mill effluent (Mather-Mihaich and Di Giulio 
1991). Increase in E R O D activity induced by 2,3,7,8-tetrachlorodibenzo-p-dioxin 
can be inhibited when co-exposed with polybrominated diphenyl ethers (Kuiper et al. 
2004) and PCB-126 (Schlezinger and Stegeman 2001). 
In field experiments, E R O D activity in fish from polluted sites is elevated 
compared to fish from the control sites (Golsoyr et al. 1994 and 1991, Collier et al. 
1995，Lindstrom-Seppa et al. 1992, Huuskonen and Linstrom-Seppa 1995). E R O D 
activity is significantly correlated to biliary fluorescent aromatic compound levels in 
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cods (Beyer et al. 1996) and to chlorinated hydrocarbons in bullheads from polluted 
natural environments (Eufemia et al. 1997). However, the year-to-year (Williams et 
al. 1997)，seasonal (Burgeot et al. 2001) and sexual variations (Devaux et al. 1998) in 
E R O D activities in fish tend to make field assessment complicated. 
1.3.4 D N A damage 
Comet assay or single cell gel electrophoresis is a short-term test for 
detecting genotoxic agents. Biomonitoring for genotoxicity is useful for estimating 
the genetic risks from integrated exposure to complex mixtures of chemicals. 
Alkaline elution, alkaline unwinding and comet assay are the three most commonly 
used techniques for detecting genotoxicity (Olive et al. 1990). Comet assay is 
considered to be the most sensitive and simplest among the three methods. The 
analysis requires small numbers of cells per sample, and is inexpensive and fast (Tice 
et al. 2000). 
Comet assay is a microgel electrophoretic technique for the detection of 
D N A damage and repair. Cells embedded in agarose gel are lysed by detergents and 
salt, and the liberated D N A is electrophoresed. The D N A that migrates towards the 
anode is stained and quantified by measuring the intensity of fluorescence (Tice 1995). 
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Because broken D N A migrates faster than intact DNA, no tail is formed in intact 
DNA. Neutral assay that involves electrophoresis under neural condition can only 
detect the presence of D N A double-strand breaks. Alkaline assay that undergoes 
electrophoresis in alkaline conditions (pH > 13) is capable of detecting single-strand 
breaks and alkali-liable lesions (Singh et al. 1988). Since genotoxic agents induce 
orders of magnitude more single-strand breaks and alkali-labile lesions than 
double-strand breaks, alkaline assay offers greatly increased sensitivity for detecting 
induced D N A damage than neutral assay (Tice 1995). Tail length is the most 
commonly measured parameter. The percentage of migrated D N A and tail moment 
(a measure of tail length X a measure of D N A in the tail) are most frequently used 
(Tice et al. 2000). Due to its simplicity, comet assay is widely applied for 
environmental monitoring. 
D N A damage in fish exposed to xenobiotics has been shown to be a 
powerful way for identifying pollution effects (De Flora et al. 1993, Shugart 1988, Di 
Giulio et al. 1993). Genotoxic effects of wide range of acting agents can be 
measured by comet assay. Hydrogen peroxide, N-methyl-N'-nitrosoguanidine and 
4-nitroquinoline-1 -oxide have been shown to produce concentration-dependent 
increases in D N A damage (Mite helm ore and Chipman 1998, Diekmann et al. 2004). 
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Other agents which induce D N A damage in hepatocytes or erythrocytes in fish 
include 3-chloro-4-(dichloromethyI)-5-hydroxy-2(5H)-fliranone, benzo (1) pyrene, 
1-nitropyrene, nitrofurantoin, methyl methane sulfonate and 
2,3,7,8-tetrachlorodibenzo-p-dioxin (Mitchelmore and Chipman 1998, Deventer 1996, 
Berbner et al 1999). 
Fish exposed to textile dyeing effluent in the laboratory (Sumathi et al. 
2001) and from field studies in polluted sites (Russo et al. 2004，Devaux et al. 1998) 
all showed increased D N A strand breaks. These findings suggest that comet assay is 
an effective early warning system for identifying and monitoring the effects of 
contaminants on fish. 
1.4 Study of recovery 
W u et al. (2005) suggested that the majority of biomarkers were 
recoverable and there was a correlation between the time for maximum induction and 
recovery. Time required for the recovery may also vary with species and 
contaminants. 
Many studies have shown that the level of biochemical indicators used in 
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this study could return to their base level after a depuration period, and the duration of 
the depuration periods were often similar to the duration of toxicants exposure. 
Elevated hepatic ALT and AST activities induced by carbofuran insecticide in Clarias 
batrachus (Begum 2004) and by copper sulfate in carp (Karan et al. 1998) decreased 
after removal of toxicants. The same was found for increased hepatic E R O D activity 
induced by benzo[a]pyrene in grouper (Wu et al. 2003). It appears that hormonal 
disturbances are not persistent and that normal hormonal levels can be restored after 
contamination is abated. In oysters, recovery in D N A damage induced by exposure 
to SS spiked with benzo[a]pyrene and 1,2-benzanthracene for 53 days occurred after 
25 days (Nacci et al. 1996). Recovery can also be observed in fish from polluted 
natural environments. Elevated E R O D activity and D N A damage in fish from 
polluted sites exhibited decrease over the recovery period in clean water in laboratory 
(Devaux et al. 1998，Russo et al. 2004) 
1,5 Objectives and significances 
The objectives of this research are: 1) to determine the toxic effect of SS 
from three different sites in Hong Kong to Epinephelus coioides, 2) to use 
biochemical indicators to evaluate the toxicity of SS, 3) to study the time course and 
dose dependence of the effects of SS on E. coioides, and 4) to study the reversibility 
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of SS-induced responses during recovery period. This research provides information 
on the effect of SS on a mariculture organism that is important in Hong Kong, 
southern China and Taiwan. The data can be used to developing a set of relevant 
biomarkers to assess the effects of SS on marine fish. 
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2.0 Materials and Methods 
2.1 Study sites 
Sediment samples were collected with an 11.3 L Van Veen Grab from 
fixed sites in Port Shelter (PS), Mirs Bay (MB) and Victoria Harbor (VH). The 
locations of the sites are shown in Fig. 1. The site in V H was located near the ferry 
pier at M a Tau Kok and was considered to be polluted. The sites in PS and M B were 
adjacent to fish culture zones and were considered to be relatively unpolluted. 
Sediments for experiments were collected between June 2003 and March 2005. 
2.2 Sediments collection and handling 
Sediments collected were kept in ice and returned to laboratory. In the 
laboratory, sediment particles that passed through a 63-|im sieve were centrifuged at 
3000 rpm for 10 min to remove water and kept in a refrigerator at All sediment 
samples were used within two weeks of collection. In order to break the strong 
cohesion between sediment particles, weighed sediments were sonicated for 60 min 
before added to exposure tanks. 
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Fig. 1 Sediment collecting sites in this study. Sites at the Port Shelter (PS) and 
the Mirs Bay (MB) are near to the established fish culture zones while the site at the 
Victoria Harbour (VH) is near to the ferry pier. 
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Experiments were initiated by adding wet sediment to experimental tanks. 
To determine the actual concentration of SS, weighed wet sediment samples from 
each site (n = 3) were dried to constant weight in an oven at 105°C. A dry weight to 
wet weight ratio was obtained for sediment from each site. The value was used to 
estimate the actual amount of dry sediment added to each tank. 
2.3 Measurement of heavy metals and organic contents of sediment 
Sediments that passed through a 63-|xm sieve were dried to constant 
weight in an oven at 105°C. Dried sediments were digested with nitric acid 
according to the methods described in Allen (1974). Cadmium, copper, chromium, 
nickel, lead and zinc concentrations of the filtrate were measured by inductively 
coupled plasma method (ICP) using an Atom scan 16 Sequential Plasma Spectrometer 
(Atom Scan 16/25 Spectrometers Operator's Manual 127183-02 Thermo J aire 11 Ash 
Corporation). Concentrations of total PCB and PAHs of the sediment samples 
collected were determined by the Environmental Division of the Hong Kong 
Productivity Council using protocols developed by the USEPA (USEPA 8082 for PCB 
and USEPA 8270C for PAHs). 
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2.4 Exposure tests 
2.4.1 Test organisms 
Juveniles of the orange-spotted grouper Epinephelus coioides (Fig. 2) 
were purchased from a local fish farmer and acclimatized in large outdoor fish tanks 
(>1000 litre) with re-circulating natural seawater for at least 48 h before experiments. 
Fish were fed daily with fresh minced squid and starved for 24 h before experiments. 
The average weight and length of fish used for experiments were 16.2 土 1.8 g and 
10.4 土 0.3 cm, respectively. 
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1 cm 
Fig. 2 The orange-spotted grouper Ephinephelus coioides. 
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2.4.2 10- and 30-day exposure experiments 
On the day before each experiment, 10 fish were put in each 100-L 
plastic tank containing 0.45-^in filtered natural seawater. Water in each was 
vigorously aerated with an air-stone. A submerged pump was added to keep 
sediment particles in suspension. A thermostat was also added to each tank to keep 
the water temperature at ~26°C. 10-day experiments were carried out using low, 
medium and high concentrations of SS from three sites (PS, MB and VH). In 30-day 
experiments, SS from all three sites were tested only at high concentration. Wet 
sediments were added at concentrations of 8 (low), 32 (medium) and 128 (high) mg/L. 
In terms of dry sediment, actual SS concentrations were 6.9 土 3.0 mg/L for low SS 
concentration, 14.5 土 4.6 mg/L for medium SS concentration, and 46.0 土 12.4 mg/L 
for high SS concentration. Two tanks were used for each control and SS treatment. 
80% of test water in each control and experimental tank was replaced every 48 h to 
prevent the accumulation of metabolic wastes and ammonia. Fish were fed daily 
with fresh minced squid ( � 5 % of body weight). Water temperature, pH and salinity 
in each tank were monitored daily. SS concentrations were monitored one day after 
each water renewal. A 50-100 mL water sample was taken from the centre of each 
tank. Dry weight of sediment particle collected on a 0.45卞m filter was determined. 
At the end of each experiment, gill, liver and muscle of each fish were dissected and 
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stored at -80°C for further analysis. 
2.4.3 20-day exposure and recovery experiment 
Fish were exposed to SS from each site at medium and high 
concentrations. Twenty fish, 10 in each tank, were used for control and each 
treatment. The experimental setup was similar to that used for 10- and 30-day 
experiments. Four fish were randomly taken from control and each treatment on 
days 0, 5 and 10 and sacrificed for tissue samples. After 10 days, the surviving fish 
were transferred to filtered seawater without SS for 10 days of recovery. At the end 
of the experiment, all fish were dissected for gills and liver. 
2.5 Biochemical responses 
2.5.1 Aspartate aminotransferase (AST), alanine aminotransferase (ALT) 
and creatine kinase (CK) activities 
Individual frozen samples (about 0.1 g) were homogenized with 1 m L 
of ice-cold homogenizing buffer (50mM imidazole, 150mM surcrose, 50mM KCl, 
I m M EDTA, 2 m M reduced glutahione, pH adjusted to 6.8, freshly prepared I m M 
PMSF). The homogenates were centrifuged at 15,000 g for 15 min at 4°C. 
Aliquots of supernatants were taken for measurement of total protein and enzyme 
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activities. Enzyme activities were determined spectrophotometrically at 340 nm and 
3 7 X (Stanbio ALT/GPT (UV-Rate) procedure no. 0930，Stanbio AST/GOT (UV-Rate) 
procedure no. 0920 and Stanbio C K - N A C (UV-Rate) procedure no. 0910). The total 
protein contents of the supematants were determined by B C A protein assay. Protein 
standards of 0，0.4，0.8, 1.2 and 1.6 mg/mL were prepared by diluting bovine serum 
albumin (BSA) standard solution of 2 mg/mL (Sigma P-0834). 200 ^L of B C A 
protein reagent (cat no: 500-0006) were added to 10 |iL of sample. Absorbance at 
595 nm was recorded after 30 min incubation at 37°C. Results were expressed as 
mg/mL. Enzyme activity in m moles of product foimed/min mg protein (enzyme 
activity / protein content) was used for comparison. 
2.5.2 Ethoxyresorufin O-deethylase activity (EROD) 
About 0.1 g of tissue was homogenized in 0.3 m L of cold 
homogenization buffer (10 m M Hepes, 1 m M DDT, 1 m M EDTA, 20% glycerol, pH 
adjust to 7.4). The homogenates were centrifuged at 12,000 g for 20 min to remove 
cell debris and mitochondria. The supematants were centrifuged again at 130,000 g 
for 60 min and the pellets were resuspended in 0.2 m L resuspension buffer (50 m M 
Tris，1 m M DDT, 1 m M EDTA, 20% glycerol, pH adjust to 7.4) to produce the S-9 
fractions. 
2 0 
Rcsorufm standard of 20, 15. 12.5, 10, 7.5，5.0, 2.5, 1.0，0.5 and 0.2 i^M 
were prepared from TN buffer and stock resorufin standard (Sigma 5725-91-7). 150 
|iL of 7-ethoxyresorufin substrate was added to 1 0 i^L of microsomal preparation. 
40 \.iL of NADPH (5 mM) was added lastly to initiate the reaction at room 
temperature. Samples fluorescence was read every 2 min for 10 min using a Victor 
mullilabel counter (EG & G Wallace). The total protein contents of the resuspended 
samples were determined by the BCA protein assay mentioned in 2.5.1. EROD 
activity in pmol/min mg protein (EROD activity of microsomal preparation / protein 
content) was used for comparison. 
2.5.3 DNA damage 
Liver cells samples were prepared by using CometAssay ™ (Trevigen 
4250-050-K). About 0.1 g of liver sample was added to 1 mL of ice-cold PBS (Ca 二 
Mg++ free) with 20 mM EDTA. The tissues were minced into very small pieces and 
centrifuged at 3000 rpm for 3 min. The pellets were then resuspended in cold PBS. 
Cells were combined with molten LMAgarose at 42'^ C at 1:10 (v/v) and were pipetted 
onto Cometslides. The slides were placed in dark for 30 min and then immersed in 
cold lysis solution for 45 min at Slides were then immersed in freshly prepared 
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alkali solution (pH > 13) at room temperature for one hour. After washing with TBE 
buffer for 5 min twice, the slides were treated with horizontal electrophoresis at 13 
volt for 10 min. Slides were then dipped in ethanol for 5 min and allowed to 
air-dried. After staining with diluted S Y B R Green for 15 min, fluorescence 
microscopy was used to evaluate the comets. 
The slides were viewed at 20X magnification under an epifluorescence 
microscope (Nikon Eclipse E600 microscope) using 510-560 nm excitation filter and 
575 nm barrier filter. Microscopic images of comets were captured by a digital 
camera (Hitachi KP-MIE/K monochrome C C D camera) connected to a computer and 
the comets were evaluated using computerized imaging software (Komet 3.1, Kinetic 
Imaging Limited). Comet tail length and percentage (%) tail D N A of 50 cells were 
measured in each sample. Comet tail length is the distance between the head and the 
last D N A fragment, while % tail D N A is the percentage of D N A migrated from the 
head. 
2.5.4 Statistical analysis 
Statistical calculations were performed using the computer program 
SigmaStat 3.1. All data for A N O V A analysis were tested for homogeneity and 
2 2 
normality. Logarithm transformation was used if either test or both tests failed. 
Arcsine-square root transformation was carried out for % tail D N A data. Tukey 
multiple comparison test was performed to identified groups if results of A N O V A 
were found to be significant at P<0.05 level. 
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3.0 Results 
3.1 Physical and chemical parameters 
Actual SS concentrations, measured in terms of dry weight, were 3.9 土 
2.1 mg/L, 6.9 土 3.0 mg/L, 14.5 土 4.6 mg/L and 46.0 土 12.4 mg/L in control, low, 
medium and high experiments, respectively (Fig. 3). During the experiments, 
temperature was from 24 to 28 pH from 7.6 to 7.9 and salinity from 33 to 36 °/oo. 
3.2 Pollutants in sediment 
Concentrations of cadmium, chromium, copper, nickel, lead and zinc 
were higher in sediment from V H than in sediments from PS and M B (Table 1). 
Sediment from M B contained slightly higher concentrations of copper, nickel and 
zinc than sediment from PS. Concentrations of cadmium, chromium, and lead were 
almost identical between sediments from M B and PS. 
Sediment from V H contained much higher concentrations of PCBs and 
PAHs than sediments from M B and PS (Table 2). Concentrations of PCBs and PAHs 
were lowest in sediment from PS. 
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Fig. 3 Measured suspended sediment (SS) concentrations (mean 土 S.D) in 
exposure tanks with SS from Port Shelter (PS), Mirs Bay (MB) and Victoria Harbour 
(VH) at low, medium and high concentrations. Measurements were obtained from 
the water samples taken from tanks 24 hours after water change (n = 5). 
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Table 1. Concentrations (mean 土 S.D.) of metals in sediments collected from Port 
Shelter (PS), Mirs Bay (MB) and Victoria Harbour (VH) (n = 5). Different alphabets 
(a，b) denote groups with significant differences tested with 1-way A N O V A followed 
by Tukey multiple comparison with a = 0.05. 
Concentrations 
(mg kg dry wt) 
PS MB VH 
Cadmium (Cd) < 0.0015 < 0.0015 4.355 土 0.52 
Chromium (Cr) 14.88 土 5.74 a 14.24 土 3.08 a 167.1 土 47.8 b 
Copper (Cu) 14.54 土 3.19 a 17.07 土 3.09 a 2361 土 309 b 
Nickel (Ni) 5.29 土 3.22 a 10.92 土 11.4 a 98.46 土 19.4 b 
Lead (Pb) <0.014 <0.014 219.5 土 16.0 
Zinc (Zn) 77.8 土 13.7 a 86.0 土 13.8 a 710 土 129 b 
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Table 2. Concentrations (mean 土 S.D.) of PCBs and PAHs in sediments collected 
from Port Shelter (PS), Mirs Bay (MB) and Victoria Harbour (VH) (n = 5). 
Concentrations 
(mg kg dry wt) 
PS MB VH(10^) 
Total PCBs <3 <3 0.6 
PAHs 
Acenaphthene 6.2 15 260 
Acenaphthylene <5 <5 62 
Anthracene 10 18 220 
Benzo(a)anthracene 14 21 120 
Benzo(a)pyrene 9.0 15 100 
Benzo(b)flouranthene 13 16 91 
Benzo(g,h,j)perylene 8.0 13 58 
Benzo(k)fluoranthene 4.4 8.3 38 
Chrysene 12 18 160 
Dibenzo(a’h)anthracene <5 <5 12 
Fluoranthene 55 80 540 
Fluorene 6.1 11 150 
lndeno(1，2’3-cd)pyrene 6.9 13 66 
Naphthalene 25 34 560 
Phenanthrene 66 110 1100 
Pyrene 66 100 670 
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3.3 Mortality 
Mortality rates after 10 and 30 days of exposure to sediment are shown in 
Table 3. Mortality rate after 10 days of exposure to sediments were rather low. 
The highest mortality rate of 15% was found in fish exposed to low concentration of 
SS from M B . After 30 days of exposure to sediments, mortality rate was 
significantly higher in fish exposed to high concentration of SS from V H than in 
control fish. No mortality was recorded in fish exposed to high concentration of SS 
from PS and M B . 
The survivorship patterns of fish in exposure and recovery experiments 
are presented in Figure 4. Fish were exposed to medium and high concentrations of 
SS from all three sites. Fish exposed to high concentration of SS from V H and 
medium and high concentrations of SS from M B did not survive to the end of the 
experiment. Only control fish and fishes exposed to medium and high 
concentrations of SS from PS and medium concentration of SS from V H survived the 
10 days of SS exposure and 10 days of recovery. However, survivorship of fish did 
not differ significantly among treatments. 
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Table 3 Mortality (%) (n = 20) of E. coioides after 10 and 30 days of exposure 
to different concentrations of suspended sediment (SS) from Port Shelter (PS), Mirs 
Bay (MB) and Victoria Harbour (VH). * denotes significant differences compared 
with control tested with 1-way A N O V A followed by Tukey multiple comparison using 
the lifespan of individual fish as data with a = 0.05 
Exposure SS n PS M B V H 
(days) concentration 
10 Control 20 0 0 0 
Low 20 5 15 0 
Medium 20 0 0 10 
20 5 5 5 
30 Control 20 0 0 0 
High ^ 0 0 30* 
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Fig. 4 Survivorship of E. coioides at different concentrations of suspended 
sediment (SS) from Port Shelter (PS), Mirs Bay (MB) and Victoria Harbour (VH). 
Fish were exposed to SS for 10 days followed by 10 days of recovery in clean 
seawater without SS. Differences among treatments were tested with 1-way 
ANOVA followed by Tukey multiple comparison using the age of death of individual 
fish as data with a = 0.05. No significant difference was found between treatments. 
4 fish were randomly removed from each group for biochemical analysis on day 0, 
5 and 10. 
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3.4 Biochemical responses 
3.4.1 10- and 30-day exposure experiments 
Fishes exposed to SS for 10 days exhibited higher AST activity than 
control fish (Fig. 5 and Table 4). However, exposure to SS from different sites did 
not lead to significant difference in AST activities. ALT levels were higher in fish 
exposed to medium concentration of SS than in control fish (Fig. 6 and Table 4). In 
addition, ALT activity was higher in fish exposed to SS from M B than in fish exposed 
to SS from PS and VH. AST and ALT activities after 30 days of exposure to high SS 
concentration are presented in Figure 7. No significant among site difference was 
found for AST activity. For ALT, levels were lower in fish exposed to SS from V H 
than in fish exposed to SS from PS and MB. 
C K activities in both gill (Fig. 8) and muscle (Fig. 9) were not affected by 
10 days of exposure to SS (Table 5). 30 days of exposure to high concentration of 
SS also did not lead to change in C K activity in gills (Fig. 10). Elevated C K activity 
was found only in muscle of fish after 30 days of exposure to SS from PS (Fig. 10). 
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Fig. 5 Specific aspartate aminotransferase (AST) activity (土 S.D.) in the liver of E. 
coioides after 10 days of exposure to low, medium and high concentration of 
suspended sediment (SS) from Port Shelter (PS), Mirs Bay (MB) and Victoria 
Harbour (VH) (n = 10). 2-way ANOVA test revealed significant effect due to SS 
concentration (Table 5). 
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Fig. 6 Specific alanine aminotransferase (ALT) activity (土 S.D.) in liver of E. 
coioides after 10 days of exposure to low, medium and high concentration of 
suspended sediment (SS) from Port Shelter (PS), Mirs Bay (MB) and Victoria 
Harbour (VH) (n = 10). 2-way ANOVA test revealed significant effect due to both 
SS source and SS concentration (Table5). 
33 
Table 4 Summary of 2-way ANOVA test on the effect of the source and 
concentration of suspended sediment (SS) concentration on the specific aspartate 
aminotransferase (AST) and alanine aminotransferase (ALT) activities in the liver of 
E. coioides after 10 days of exposures. 
Enzyme Source of Variation DF P 
AST Source of SS 2 0.885 
SS concentration 3 <0.001 
Source x concentration 6 0.240 
ALT Source of SS 2 0.004 
SS concentration 3 0.006 
Source x concentration 6 0.260 
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Fig. 7 Specific aspartate aminotransferase (AST) and alanine aminotransferase 
(ALT) activities (土 S.D.) in the liver of E. coioides after 30 days of exposure to high 
concentration of suspended sediment from Port Shelter (PS), Mirs Bay (MB) and 
Victoria Harbour (VH) for 30 day (n = 10). Different alphabets (a,b) denote groups 
with significant differences tested with 1-way A N O V A followed by Tukey multiple 
comparison with a = 0.05. 
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Fig. 8 Specific creatine kinase (CK) activity (土 S.D.) in the gill of E. coioides after 
10 days of exposure to low, medium and high concentration of suspended sediment 
from Port Shelter (PS), Mirs Bay (MB) and Victoria Harbour (VH) (n = 10). 2-way 
ANOVA test revealed no significant effects due to SS source and SS concentration. 
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Fig. 9 Specific creatine kinase (CK) activity (土 S.D.) in the muscle of E. coioides 
after 10 days of exposure to low, medium and high concentration of suspended 
sediment from Port Shelter (PS), Mirs Bay (MB) and Victoria Harbour (VH) (n = 10). 
2-way ANOVA test revealed no significant effects due to SS source and SS 
concentration. 
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Table 5 Summary of 2-way A N O V A test on the effect of the source and 
concentration of suspended sediment (SS) on the specific creatine kinase (CK) 
activity in the gill and muscle of E. coioides after 10-day exposure. 
Tissue ‘ Source of Variation DF P 
Gill Source of SS 2 0.448 
SS concentration 3 0.893 
Source x concentration 6 0.411 
Muscle Source of SS 2 0.625 
SS concentration 3 0.834 
Source x concentration 6 0.127 
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Fig. 10 Specific creatine kinase (CK) activity (+ S.D.) in the gill and in the muscle 
of E. coioides after 30 days of exposure to high concentration (46.00 土 12.4 mg/L) of 
suspended sediment from Port Shelter (PS), Mirs Bay (MB) and Victoria Harbour 
(VH) (n = 10). Different alphabets (a,b) denote groups with significant differences 
tested with 1-way ANOVA followed by Tukey multiple comparison with a = 0.05. 
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Measured E R O D activities in gill and liver after 10 days of exposure to 
SS from different sites are shown in Fig. 11 and Fig. 12, respectively. E R O D 
activities in both gill and liver were significantly higher in fish exposed to SS from 
V H compared to fish exposed to SS from M B (Table 6). E R O D activities in gill 
were also higher in fish exposed to SS from M B to SS from PS. The effect of SS 
concentrations on E R O D activities was significant for in gill, but not for liver. The 
presence of significant interaction suggests that the effect of SS concentration differed 
among sites (Table 6). For both gill and liver, increase in E R O D activities with SS 
concentration was only noticeable for SS from VH. In 30-day exposure experiments 
(Fig. 13), E R O D activities in gill were significantly higher in fish exposed to SS from 
V H than in control fish and fish exposed to SS from PS and MB. Hepatic E R O D 
activity was not affected by 30 days of exposure to SS. 
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Fig. 11 Specific ethoxyresorufin O-deethylase (EROD) activity (土 S.D.) in the gill 
of E. coioides after 10 days of exposure to low, medium and high concentration of 
suspended sediment (SS) from Port Shelter (PS), Mirs Bay (MB) and Victoria 
Harbour (VH) (n = 10). 2-way ANOVA test revealed significant effect due to both 
the source and concentration of SS (Table?). 
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Fig. 12 Specific ethoxyresorufln O-deelhylase (EROD) activity (土 S.D.) in the liver 
of E. coioides after 10 days of exposure to low, medium and high concentration of 
suspend sediment (SS) from Port Shelter (PS), Mirs Bay (MB) and Victoria Harbour 
(VH) (n = 10). 2-way ANOVA test revealed significant effect due to the source of 
SS (Table?). 
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Table 6 Summary of 2-way ANOVA test on the effect of the source and 
concentration of suspended sediment (SS) on the specific EROD activity in the gill 
and liver of E. coioides after 10-day exposure. 
Tissue • Source of Variation DF P 
Gill Source of SS 2 <0.001 
SS concentration 3 < 0.001 
Source x concentration 6 0.008 
Liver Source of SS 2 0.048 
SS concentration 3 0.058 
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Fig. 13 Specific ethoxyresorufin 0-deethylase (EROD) activity (土 S.D.) in the gill 
and the liver of E. coioides after 30 days of exposure to high concentration (46.0 + 
12.4 mg/L) of suspended sediment from Port Shelter (PS), Mirs Bay (MB) and 
Victoria Harbour (VH) (n = 10). *denotes significant differences compared with 
control tested with 1 -way ANOVA followed by Tukey multiple comparison with a = 
0.05. 
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Neither tail length nor % tail D N A of hepatocytes showed differences 
among fish exposed to SS from different sites for 10 days (Figs. 15 and 16, Table 7). 
However, exposure to low, medium and high concentrations of SS induced 
significantly longer tail length in hepatocytes compared to control. Similarly, % tail 
D N A was higher in hepatocytes of fishes exposed to SS. For 30-day exposure 
experiments (Fig. 16), tail lengths of hepatocytes were significantly higher in fish 
exposed to high concentration of SS from all three sites compared to those in control 
fish. No differences were found in % tail D N A even after 30 days of SS exposure. 
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Fig. 14 Comet tail length (土 S.D.) of the liver cells in E. coioides after 10 days of 
exposure to low, medium and high concentration of suspended sediment (SS) from 
Port Shelter (PS)，Mirs Bay (MB) and Victoria Harbour (VH) (n = 10). 2-way 
ANOVA test revealed significant effect due to the concentration of SS (Table 8). 
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Fig. 15 Percentage (%) tail DNA (土 S.D.) of the liver cells in E. coioides after 10 
days of exposure to low, medium and high concentration of suspended sediment from 
Port Shelter (PS), Mirs Bay (MB) and Victoria Harbour (VH) (n - 10). 2-way 
ANOVA test revealed no significant effects due to SS source and SS concentration. 
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Table 7 Summary of 2-way ANOVA test on the effect of the source and 
concentration of suspended sediment (SS) on the DNA damage of the liver cells in E. 
coioides after 10-day exposure. 
Parameters Source of Variation DF P 
Tail Length Source of SS 2 0.783 
SS concentration 3 <0.001 
Source x concentration 6 0.218 
% Tail DNA Source of SS 2 0.571 
SS concentration 3 0.049 
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Fig. 16 Comet tail length and percentage (%) tail DNA (土 S.D.) of the liver cells in 
of E. coioides after 30 days of exposure to high concentration of suspended sediment 
from Port Shelter (PS), Mirs Bay (MB) and Victoria Harbour (VH) (n = 10). 
*denotes significant differences compared with control tested with 1-way ANOVA 
followed by Tukey multiple comparison with a = 0.05. 
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3.4.2 20-day exposure and recovery experiments 
Fish were exposed to SS for 10 days and allowed to recover in seawater 
without SS for 10 days. Because fish exposed to high concentration of SS from VH 
and both medium and high concentrations of SS from MB did not survive to the end 
of the experiment, the experiment was completed only for control fish and fish 
exposed to medium concentration of SS from VH and medium and high 
concentrations of SS from PS (Fig. 17). Fish exposed to medium concentration of 
SS from VH exhibited significantly higher levels of AST activity compared to control 
fish on day 10. However, after a 10-day recovery period, AST activities declined 
and no significant differences were found between treated and control fish. Fish 
exposed to medium concentration of SS from PS showed significantly lower AST 
level than control fish on day 10. This is surprising, and could be due to the 
relatively high AST level in control fish. No differences were found in ALT 
activities between control fish and fish treated with SS throughout the 20-day duration 
of the exposure and recovery experiments (Fig. 18). 
Fish exposed to medium concentration of SS from VH showed 
significantly higher EROD activities in both gill (Fig. 19) and liver (Fig. 20) 
compared with control fish on day 5 and day 10. However, both activities returned 
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to control levels after 10 days of recovery. Indeed, hepatic EROD activity was 
significantly lower in treated fish than in control fish after 10 days of recovery. Fish 
exposed to high concentration of SS from PS showed elevated EROD activities on 
days 5 and 10 in gill, but not in liver. Again, there was a recovery to control level 
after the 10-day recovery period. 
DNA damage measured in terms of significant increase in comet tail 
length was found on day 10 in fish exposed to high concentration of SS from PS and 
also on both days 5 and 10 in fish exposed to medium concentrations of SS from VH 
(Fig. 21). In comparison, significant increase in % tail DNA was found only on day 
10 in fish exposed to high concentration of SS from PS and medium concentration 
from VH (Fig. 22). Tail length and % tail DNA returned to much lower levels after 
the 10-day recovery period and no significant differences were found between treated 
and control fish at the end of the experiment on day 20. 
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Fig. 17 Specific aspartate aminotransferase (AST) (+ S.D.) activity in the liver of E. 
coioides after 10 days of exposure and 10 days of recovery in clean seawater to 
medium and high concentrations of suspended sediment (SS) from Port Shelter (PS), 
medium concentration of SS from Victoria Harbour (VH) (n = 4). *denotes groups 
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Fig. 18 Specific alanine aminotransferase (ALT) (土 S.D.) activity in the liver of E. 
coioides after 10 days of exposure and 10 days of recovery in clean seawater to 
medium and high concentrations of suspended sediment (SS) from Port Shelter (PS), 
medium concentration of SS from Victoria Harbour (VH) (n = 4). Differences 
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Fig. 19 Specific ethoxyresorufin O-deethylase (EROD) (土 S.D.) activity in the gill 
of E. coioides after 10 days of exposure and 10 days of recovery in clean seawater to 
medium and high concentrations of suspended sediment (SS) from Port Shelter (PS), 
medium concentration of SS from Victoria Harbour (VH) (n = 4). *denotes groups 
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Fig. 20 Specific ethoxyresorufin O-deethylase (EROD) (土 S.D.) activity in the liver 
of E. coioides after 10 days of exposure and 10 days of recovery in clean seawater to 
medium and high concentrations of suspended sediment (SS) from Port Shelter (PS), 
medium concentration of SS from Victoria Harbour (VH) (n = 4). *denotes groups 
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Fig. 21 Comet tail length (土 S.D.) of the liver cells in E. coioides after 10 days of 
exposure and 10 days of recovery in clean seawater to medium and high 
concentrations of suspended sediment (SS) from Port Shelter (PS), medium 
concentration of SS from Victoria Harbour (VH) (n = 4). *denotes groups with 
significant higher level (p<0.05) tested with t-test when compared to control group. 
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Fig. 22 Percentage (%) tail DNA (土 S.D.) of the liver cells in E. coioides after 10 
days of exposure and 10 days of recovery in clean seawater to medium and high 
concentrations of suspended sediment (SS) from Port Shelter (PS), medium 
concentration of SS from Victoria Harbour (VH) (n = 4). *denotes groups with 
significant higher level (p<0.05) tested with t-test when compared to control group. 
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4.0 Discussion 
4.1 Sediment pollution at Port Shelter, Mirs Bay and Victoria Harbour 
Appendix 1 lists the 'Quality of Sediment Criteria Classification in 
Hong Kong'. The concentrations of all six metals, PAHs and total PCBs (Table 1 
and 2) in sediment from VH exceeded the Upper Chemical Exceedance level (UCEL), 
while pollutants concentrations in sediments from PS and MB were below the Lower 
Chemical Exceedance level (LCEL). Appendix 2 also shows the sediment quality 
guidelines proposed by US EPA, Ontario Ministry of Environment and US NOAA 
(DelValls et al. 1998). Based on metal contents, sediment from VH is considered to 
be moderately to highly polluted, while sediment from PS is classified as unpolluted. 
Sediment from MB is also classified as unpolluted, although copper concentration is 
regarded as 'moderately polluted' according to guidelines of the Ontario Ministry of 
Environment. According to DelValls et al. (1998), sediments with concentrations of 
cadmium, chromium, copper and lead as high as those in sediment from VH could 
cause major adverse biological effects，including histological damages to gilthead 
bream Spams aurata. Sediments with metal contents as low as those in sediments 
from PS and MB showed no or minimal adverse biological effects. Clearly, 
sediment from VH was more heavily polluted than sediments from PS and MB. 
Sediment from PS was less polluted compared to the other two sites. 
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4.2 Biochemical responses 
4.2.1 10- and 30-day exposure experiments 
4.2.1. AST, ALT and C K 
‘In this study, AST and ALT activities in control groups ranged from about 
0.05 to 0.5 m moles of pyruvate formed/ min mg protein. C K activities in gill and 
muscle were about 0.7 to 1.0 and 40 to 100 m mol of N A D H formed/ min mg 
protein respectively. Past studies also showed great variations in enzyme 
activities in fishes. For instance, C K activities in red muscle of Oreochmniis 
niloticus could range from 15.9 (Almeida et al. 2001) to 483.1 U/ g tissue (Almeida 
et al. 2002). AST activities in untreated fish from different studies could range 
from 1.56 x 10 (Leena et al. 1999) to about 1.67 x 10 m mol of pyruvate 
formed/ min mg protein (Begum 2004). Besides, Gallagher et al. (2001) showed 
significantly higher hepatic ALT activity in juvenile than in adult pinfish Lagodon 
rhomboides. As the three exposure experiments were not carried out concurrently 
and were not from the same batch of fish, variations of enzyme levels among the 
three groups of control fish were not unexpected. 
Fish exposed to SS for 10 days had higher AST activity (Fig. 5 and Table 
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4). Previous studies revealed that pollutants increased AST or ALT activities to cope 
with higher energy demand under stressful conditions (Begum 2004, Ghorpade et al. 
2002, Oluah 1999, Poleksic and Karan 1999, Karan et al. 1998). Enhanced AST and 
ALT activities increase protein turnover and amino acid metabolism and result in 
higher energy production (Begum 2004, Ghorpade et al. 2002, Gallagher et al. 2001, 
Leena et al. 1999). Increase in transaminases has been reported in liver damage, 
particularly in infective hepatitis, acute pancreatitis and cardiac disorders (James 
2001). For ALT (Fig. 6 and Table 4), elevated activity was found only in fish 
exposed to medium doses of SS. In addition, fish exposed to SS from MB had 
higher ALT activity than fish exposed to SS from VH. Several explanations have 
been proposed to account for the possibility of enzymatic suppression at high 
toxicants levels. Heath (1995) found that low cadmium concentration induced AST 
activity, while high cadmium concentrations resulted in enzyme inhibition. Varanka 
et al. (2001) also showed that tannic acid induced AST activity after one day, but the 
activity decreased to control level after one more day. These findings suggest that 
damage of tissues in high toxicants level may lead to the leakage of enzymes from 
liver into bloodstream and causes increase in plasma (Smet and Blust 2001, Vaglio 
and Landriscina 1999, Oluah, 1999). This suggestion can be tested by measuring 
serum enzymes levels. Another explanation was provided by Maclnnes et al (1977) 
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who suggested that the decrease of transaminase activities might provide metabolites 
for increased biosynthesis for repair of tissues damaged by cadmium. Other authors 
believed that enzymes involved in energy metabolism are sensitive to nutritional 
stress and might decrease during starvation (Heath 1995). Vijayan et al. (1996) 
showed that food-deprivation decreased ALT and AST activities, while Gallagher et al. 
(2001) found ALT activity decreased with decreasing dietary protein. From the 
observations, fish exposed to SS from V H dropped their food consumption. 
Therefore, starvation may lower ALT activity in fish from VH. 
Although ALT activities in fish that had been exposed to SS did not differ 
from those of control fishes after 30 days, ALT activity was higher in fish from M B 
and PS exposures than fish from V H exposure (Fig. 7). Suppression of ALT activity 
in high toxicant levels was again found in 30-day exposure experiments. There were 
no differences in hepatic AST activity among treatments after 30 days of exposure. 
W e suggest ALT to be more sensitive than AST to chronic exposure. HofF et al. 
(2003) also reported that ALT, but not AST activity, was correlated with 
perfluorooctane sulfonic acid content in liver of fish collected from the field. All 
these results suggest that ALT is more sensitive than AST during prolonged exposure 
to pollutants. 
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C K plays a central role in the phosphocreatine circuit, which maintains 
cellular energy (ATP) homeostasis in tissues with high and fluctuating energy 
demands. Abnormal C K level affects the energy supply for gill cells and for muscle 
contraction' (Schaarschmidt et al. 1999). C K activities in gill of fish that had been 
exposed to SS did not differ from those of control fishes after 10 days (Fig 8 and 
Table 5). It is generally assumed that the sublethal and acute effects of SS on fish 
are mainly caused by the damage to the gill (Au et al. 2004). Au et al. (2004) found 
that the SS induced effects were similar to those observed under hypoxic condition, 
and concluded that SS imposed hypoxic stress to fishes. Although C K activity in 
gill could be an indicator of osmoregulatory ability in fish (Schaarschmidt et al. 1999)， 
no change in C K activity was found after 10 days, or even 30 days of SS exposure 
(Fig 8 and 10, Table 5). These observations suggest that CK in gill is not a sensitive 
indicator of SS exposure. 
There were also no differences in C K activity in muscle among 
treatments after 10 days of SS exposure (Fig 9 and Table 5). Induction of C K 
activity in muscle appeared only in fish that had been exposed for 30 days to SS from 
PS, but not from M B or V H (Fig. 10). Decreasing or maintenance of C K activity in 
6 2 
muscle is considered a general gearing up of carbohydrate metabolism to preserve 
energy (Almeida et al. 2001). Almeida et al. (2002) found C K activity increased in 
red muscle with cadmium exposure. Guderley et al. (2001) also found that growth 
rate was positively correlated with C K activity in muscle. Other studies show that 
C K activity in serum elevated with carbon tetrachloride (Folmar et al. 1993) and 
cadmium (Drastichova et al. 2004). Results of this study can be explained by 
increasing C K activity for energy production in muscle under stressful condition. 
Because no induction in C K activity occurred in fish exposed to SS from M B and VH, 
we conclude that C K activity in muscle is not a sensitive indicator of exposure of SS. 
AST, ALT and C K are enzymes involved in energy metabolisms. 
Enzyme levels increased with SS but often exhibited a tendency to level off or return 
to control level in higher SS dose. It is important to find the maximum induction 
time and dose of SS in future studies. 
4.2.1.2 E R O D 
E R O D activities were about ten times higher in control fish from the 30 
days exposure experiment than in control fish from the 20-day exposure and recovery 
experiments. Past studies also showed E R O D activities in fish may exhibit yearly 
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variation (Burgeot et al. 2001，Williams et al. 1997). Williams et al. (1997) found 
the hepatic E R O D activities of the walleye Stizostedion vitreum from the same 
reference site showed about 10-folds variations from year to year. Eufemia et al. 
(1997) studied fish exposed to pollutants in the field and in the laboratory and 
reported hepatic E R O D activities ranging from undetectable in control fish to 128 
pmol/ m g protein min in treated fish. In general, large variations in E R O D activities 
can also be observed in fish from polluted sites (Beyer et al. 1996, Collier et al. 1995, 
Oostetal. 1996). 
E R O D is internationally adapted for PCBs and PAHs monitoring (Wu et 
al. 2005). E R O D activity exhibits good dose responses with many organic 
compounds (Au et al. 1999，Troxel et al. 1997). Significant E R O D activity induced 
by exposure to PCBs and PAHs has also been observed in field studies with Atlantic 
cod (Beyer et al. 1996, Goksoyr et al. 1994), red mullet and comber (Burgeot et al. 
2001, Romeo et al. 2001), English sole, starry flounder and rock sole (Collier et al. 
1995), brown bullhead (Eufemia et al. 1997) and eel (Oost et al. 1996). 
E R O D activity in gill showed clear site differences after 10 days of 
exposure (Fig. 11 and Table 6). SS from V H induced the highest E R O D activity in 
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fish, followed by SS from MB and then PS. The order was same as those of PCBs 
and PAHs contents of the sediments from the three sites. No differences in EROD 
activity were detected between high, medium and low dose of SS. Significant 
interactions between the source and concentration of SS indicate that the effect of SS 
concentration differed among sediment. Since the levels of PCBs and PAHs were 
much higher in sediment from VH than in sediments from the other sites, sharp 
increase in EROD activity in fish exposed to medium and high SS concentrations 
from VH could be the result of toxicity from these chemicals. For hepatic EROD 
activities (Fig. 12 and Table 6), significant differences were only found between fish 
from VH and MB. These findings suggest that EROD activity in liver is less 
sensitive to SS than EROD activity in gill, and indicate that sublethal effects of SS on 
fish are primarily caused by gill damage (Au et al. 2004). 
In 30-day exposure experiments (Fig. 13)，only fish exposed to SS from 
VH showed significantly higher EROD activity in gill than control fish. Hepatic 
EROD activities did not differ among treatments. EROD activities in the carp 
Carassiiis aiiratiis gibelio (Guosheng et al. 1998), the catfish Ictalariis pimctatiis 
(Mather-Mihaich and Di Giulio 1991)，the demersal fish Solea ovata (Au et al. 1999) 
and the grouper Ephinephelus areolatiis (Wu et al. 2003) also decrease after 
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prolonged exposure to pollutants. Adaptation or enzymatic suppression after 
prolonged exposure could explain the less clear site differences in 30-day exposure 
experiments compared with 10-day exposure experiments. It supports the suggestion 
of Heath (1995) that adaptations may occur in molecular level in prolonged SS 
exposure.‘ 
Since clearer site differences, as well as dose responses, were found in 
E R O D activity in gill than in liver after both 10- and 30-day exposure experiments, it 
could be concluded that E R O D activity in gill is more sensitive to SS than E R O D 
activity in liver. It further supports the argument that sublethal and acute effects of 
SS on fish are mainly caused by gill damage (Au et al. 2004). Indeed, Goksoyr et al. 
(1994) proposed that uptake of sediment- associated water via the gills was one of the 
major routes for contaminants to enter fish. 
The CYPl A is involved in many important regulatory processes like 
growth, homeostasis and neuroendocrine function in fishes (Nebert 1991). Induction 
of E R O D activities may have many harmful side effects such as increasing the 
production of activated metabolites and altering the metabolism of endogenous 
substrates and regulator molecules in fishes (Beyer et al. 1996). Overall, this study 
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shows that even low dose of SS in environment can affect the health of fish. 
4.2.1.3 D N A damage 
This study shows high degree of D N A damage in both treated and control 
fish. Tail length of hepatocytes from control fish ranged from about 50 to 90 |aM, 
compared with 0-70 )Lim from studies on trout (Berbner et al. 1999, Mitchelmore and 
Chipman 1998). One explanation is that excessive D N A damage was an artifact of 
experimental procedures. Because of the large number of samples, cell preparations 
could not be done immediately. Liver samples were stored at -80^C until cell 
preparation. Since -80°C storage does not optimize cell survival, D N A 
fragmentation associated with cell death may cause increased D N A migration (Tice 
1995). 
In general, fish exposed to SS still showed longer tail length in the liver 
cells than fish from control after 10 days of exposure to SS (Fig. 14 and Table 7). 
This is consistent with findings on hepatic AST and gill E R O D activities. Only low 
dose of SS induced higher % tail D N A (Fig. 15 and Table 7). For liver cells, longer 
tail lengths, but not higher % tail DNA, was found in exposed fish compared with 
control after 30 days (Fig. 16). This study suggests that tail length is a more 
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sensitive indicator to SS exposure. 
There were no differences among SS from different sites in both 10- and 
30-day exposure experiments as D N A migration reached a plateau in high pollutants 
level (Singh et al. 1988, Lah et al. 2004). Since some D N A damage occurred during 
cell preparations, the migrations might be too great to allow accurate measurements. 
Other authors suggest that damaged cells may be removed from the organism faster 
than undamaged cells (Flora et al. 1993) or sediment exposures may have triggered 
cell proliferations (Nacci et al. 1996). Nacci et al. (1996) found even reduction in 
mean tail length of oyster hemocytes after sediment exposure. 
Most of the environmental pollutants require metabolic activation to exert 
their genotoxic effect (Mitchelmore and Chipman 1998). Exposure to metals such as 
chromium can cause oxidation of nucleotide cases and increase in D N A damage 
(Hook and Lee 2004). PAHs can increase D N A damage by metabolizing into 
reactive intermediates that form D N A adducts or produce strand break directly (Hook 
and Lee 2004, Imlay and Linn 1988, Nacci et al. 1996). Since induction ofCYPlA 
produces more reactive intermediates and lead to more D N A damage, some authors 
(Berbner et al. 1999, Peters et al. 1997) believe that D N A damage can directly be 
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related to induction of CYPIA. However, there was no observable correlation 
between D N A damage and E R O D in liver cells in the 10- and 30-day exposure 
experiments. It is consistent to studies of Devaux et al. (1998), Flammarion et al. 
(2002), and Masfaraud et al. (1992). Peter et al. (1997) reported time delay between 
induction of E R O D and formation of D N A adducts and suggested more precise study 
on time course to investigate their correlations. 
4.2.2 20-day exposure and recovery experiments 
E R O D activity in gill is the most sensitive indicator as it was induced in 
fish exposed to high concentration of SS from PS and medium concentration of SS 
from V H at day 5 (Fig. 19). In fish exposed to high concentration of SS from PS, 
only higher E R O D activity in gill was observed. This confirms that E R O D in gill 
was more sensitive than E R O D in liver. Fish exposed to high concentration of SS 
from PS also showed more D N A damage at day 10 (Fig. 21), but neither AST nor 
ALT activity was induced (Fig. 17 and 18). This study suggests that the comet assay 
is a more sensitive indicator for assessing liver damage than AST or ALT. 
Fish exposed to medium concentration of SS from V H had higher hepatic 
AST activity at day 10 (Fig. 20), but showed no difference with control after 10 days 
6 9 
of depuration period. Past studies of catfish Clarias batrachus (Begum 2004) and 
carp Cyprinus carpio (Karan et al. 1998) gave similar decrease in AST activity after 
pollutants removal. It further proves induced enzymatic responses are reversible 
after removed from stress environment. 
Although E R O D activities in gill and liver were still higher than control 
group at day 10, the level dropped when compared with levels at day 5 (Fig. 19 and 
20). This raised the possibility of adaptation or enzymatic suppression before day 10. 
It was consistent with our explanations above that adaptation affects the significance 
of E R O D activity in 30-day exposure experiments. It is consistent with Au et al. 
(1999) and W u et al. (2003) that E R O D activities decline because fish could more 
readily metabolize pollutants after the exposure. It can be concluded the decrease of 
E R O D after 10 days of SS exposure is because of the adaptations, rather than 
impairment of synthesis, in high SS level (Steadman et al. 1991). Increased E R O D 
activities decreased back to control level after putting the fish to clean seawater 
without SS for 10 days, which is consistent to study of Wu et al. (2003). Wu et al. 
(2003) found the hepatic E R O D activity induced by foodborne exposure to 
benzo[a]pyrene decreased during the depuration period. It indicates CYPlA 
enzymes ceased to be induced shortly after exposure period. Hepatic E R O D 
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activities were even lower than the control fish at the end of this experiment. This 
further gives evidence that polluted SS induced detoxification mechanisms. 
However, it cannot be concluded the decrease is because of removal of SS, or only 
due to molecular adaptation. 
Fish exposed to medium concentration of SS from VH had longer tail 
length at day 5 and day 10 (Fig. 21). However, some treatment groups showed 
higher % tail DNA at day 10 only (Fig. 22). Tail length is therefore a better 
measuring parameter than % tail DNA. The amount of DNA damages in fish 
exposed to medium concentration of SS from VH and high concentration of SS from 
PS returned to control level at the end of the experiment. It indicates that the amount 
of DNA damage would reduce after fish were removed from SS. Similar results were 
presented by Nacci et al. (1996) who reported DNA repair during recovery in 
hemolymph cells of oysters. 
All induced effects decreased back to control level after the fish were 
transferred to clean seawater without SS for 10 days. The results showed that the 
effects induced by SS were reversible. It further supports Wu et al. (2005) that 
majority of biomarkers are recoverable. As the time for recovery is positively 
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related to the time for induction, other SS induced effects like histological damage 
(Au et al. 2004, Martens and Servizi 1993) need longer time to recover. W e should 
still note that SS would affect the health of fish after exposure and make fish more 
vulnerable to diseases. 
72 
5.0 Recommendations and Conclusion 
Future studies should determine specific exposure time and SS 
concentration necessary for induction of the biochemical responses. Studied 
parameters should include concentrations for initial induction, concentrations for 
maximum induction, time for adaptation, and time for complete recovery. Attention 
should be given to gene expression induced by SS, as enzymatic inductions are 
temporal and are suppressed by higher pollutants dose or prolonged exposures. 
Indeed, there is a need to develop a set of biomarkers for assessing SS toxicity for 
biomonitoring. 
For the biochemical responses in the study, it can be concluded: 
1. E R O D in gill was the most sensitive to exposure of SS contaminated with PAHs 
and PCBs. 
2. Comet assay with tail length measurement was the most sensitive indicator for 
assessing the hepatic health of fish. 
3. C K in gill and in muscle were not sensitive to exposure of SS. 
4. There were evidences of enzymatic suppression at high pollutant level. 
5. All low, medium and high concentrations of SS induced higher hepatic AST 
activity, higher gill E R O D activity and longer tail lengths in hepatocytes in fish 
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after 10 days of exposure. SS at concentrations below the recommended 
guideline in Hong Kong (50 mg/L SS dry weight) (Au et al. 2004) could affect 
fish health. 
6. Induced responses after 10 days were reversible after 10 days of depuration. 
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1. Sediment Quality Criteria for the classification of sediments (EPD, 2003). 
Contaminants Lower Chemical Upper Chemical 
Metals (mg/kg dry weight) Exceedance Level Exceedance Level 
Cadmium (Cd) 1.5 4 
Chromium (Cr) 80 160 
Copper (Cu) 65 110 
Nickel (Ni) 40 40 
Lead (Pb) 75 110 
Zinc (Zn) 200 270 
Low molecular weight PAHs 550 3160 
High molecular weight PAHs 1700 9600 
Total PCBs 23 180 
* When the LCEL and UCEL for a contaminant are the same, the contaminant level is 
considered to have exceeded UCEL if it is greater than the value shown. 
91 
2. Summary of Benchmark Sediment Quality Guidelines (mg kg"' dry sediment) 
proposed to evaluate potential sediment toxicity for Pb, Ag, Cr, Cd and Cu, by 
Different North American Agencies and Government Bodies for Development 
Sediment Quality Guidelines. (Delvalls et al. 1998) 
Sediment quality guideline 
Not polluted Moderately polluted Highly polluted 
Lead (Pb) 
A a <40 40-60 >60 
B <23 31 >250 
C <35 35-110 >110 
Chromium (Cr) 
A <25 25-75 >75 
B <22 31 >111 
C <80.0 145.0 >145.0 
Copper (Cu) 
A <25 25-50 >50 
B <15 15-114 >114 
C <70 70-390 >390 
Cadmium (Cd) 
A >6 
B <0.6 0.6-10.0 >9 
C <5 5-9 >10 
a (A) U.S. EPA; (B) Ontario Ministry of Environment; (C) U.S. N O A A 
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